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workers in mining industry are exposed to high level of noise at workplace, which ultimately leads to NIHL. In the mining industries, two out of three workers will have to suffer from hearing loss by the age of 50 years. [6] In developing countries exposure to occupational and environmental noise is more as compared to developed countries because of lack of often effective legislation programs to prevent NIHL. [7] NIHL that usually occurs initially at high and then spreads to the low frequencies is a well-established clinical sign. NIHL is generally used to denote the cumulative, permanent loss of hearing that develops gradually after months or years of exposure to high levels of noise, resulting in irreversible damage to the delicate hearing mechanisms of the inner ear. [8] Noise exposure destroys the tympanic membrane, middle ear, and inner ear that directly affect the normal hearing mechanism [ Figure 3 ]. [9] Micromachinery of the inner ear is involved in sound processing inside the cochlea. [10] Hair cells (HCs) act as mechanosensors for sound perception, acceleration, and fluid motion. Mechanotransduction channels in HC are gated by tip link that connect the stereocilia of HC in the direction of their mechanical sensitivity. Several studies have shown that the excessive auditory stimulation damages fragile inner ear sensory HCs that lack regenerative potential. [11] The tectorial membrane (TM) is an extracellular matrix of the inner ear that connects with stereocilia bundles of specialized sensory HCs. Sound-induced movement to HCs affect the TM, deflects the stereocilia that leads to fluctuations in HC membrane, transducing electrical signals recognized by the afferent nerve endings and pass signals to the brain. [12, 13] Numerous studies have demonstrated links of acoustic trauma and metabolic exhaustion in the inner ear owing to continuous and impulsive noise stimulation. Prolonged noise exposure produce pathological effects in the cochlea with substantial damage to HCs of the inner ear. [14] Scientists reported characteristics V-shaped notch typically noted as a "threshold dip"/"hearing notch" at 4 and 6 kHz frequency on pure-tone audiometry testing as an indicator of NIHL. Majority of the literature considered 4 kHz as a standard notch to detect NIHL. [15] Proteins present in the inner ear are disturbed by loud sound through multiple mechanisms such as loss of protein-protein interactions, aberrant accumulation, targeted degradation, mechanical damage, excitotoxicity, ischemia, metabolic exhaustion, ionic imbalance, etc. [10, 14] Specific proteins are identified with hearing loss-related dysfunction due to noise stimulations in the cochlea. [16] Despite these findings, function of the cochlear proteins and its expression in NIHL is still not fully understood. Although animal studies have provided much of our understanding of cochlear protein expression but not extensively addressed in humans, the electronic database online literature searches related to NIHL in animal models as well as in human [ Tables 1 and 2 ]. [12, 14, 16, 24, 45] There has been very little research reported on cochlear proteins which may be used as biomarkers for early detection of NIHL. Hence, this situation prompted to present this succinct review using the available literature on cochlear protein expression in NIHL.
souRce of data
Extensive literature search was conducted in the following electronic databases, viz., PubMed, Cochrane Library, KoreaMed, Virtual Health Library, Audicus, IndMed, PakMediNet, Google, etc., using the MeSH terms such as noise, hearing loss, noise-induced hearing loss, cochlear proteins, expression of proteins during NIHL, biomarkers for NIHL, proteomics in NIHL, hearing impairment, sensorineural hearing loss, tinnitus (n = 101) with initial searches limited to materials available with complete abstracts (to govern the suitability for full-text retrieval) and those available in the English language were included. Systematic reviews, review and research articles, case reports related to NIHL (n = 71) extracted from the searched literatures was included. Opinions, news, letters to the editor, and articles merely describing about the techniques were excluded (n = 68) [ Figure 4 ]. These reviews included the above electronic database online literature searches related to NIHL in animal models and human [ Tables 1 and 2 ]. [16, The information regarding numbers of publication on NIHL from Asian countries was obtained from ISI Web of Science [ Figure 5 ]. According to the database, only five publications on NIHL were reported from India. [46] Information on cochlear proteins, biomarkers identified, subject population, technique used, different animal model used as well as sample collection and processing were also included in this review. On the basis of literature search, it was found that very limited information regarding cochlear proteins associated to NIHL. To the best of knowledge, in this review attempt was made to incorporate all those citations that may provide future insights to study the importance of cochlear proteins in NIHL.
PRoteIns assocIated wIth noIse-Induced heaRIng Loss
A significant first step toward the early identification of hearing loss after excessive sound induction is the detection of proteins and pathways perturbed within the micromachinery of the ear. Several proteins present in TM, inner HCs (IHCs), outer HCs (OHCs), and stereocilia in the cochlea are responsible for hearing and loss of proteins cause NIHL. Cochlea and its structural integrity is maintained by myosins, transmembrane inner ear protein, otoferin, cadherin 23 (CDH 23), stereocilin, harmonin, protocadherin-15, radixin, whirlin, espin, prestin, worfferin wolframin, connexin 26 and 30, claudin 14, tricellulin, cochlin, collagen xi, alpha-tectorine [as mentioned in Table 3 ]. [47, 48] Cochlear proteins overexpressed during occurrence of NIHL were included in the current review. 
Study design Outcome Conclusion
Zheng et al. [14] 2000 Chinchillas Exposed to noise 150 dB Twenty days after noise exposure, depressed ICP amplitudes had virtually recovered to pre-values in the control ears whereas those in the de-efferented ears remained significantly depressed. Greater loss of inner hair cells was seen in the de-efferented ears than in the control ears. Both control and de-efferented ears incurred large loss of outer hair cells, with no statistically significant differences between groups.
Inner hair cells of de-efferented ears are more susceptible to impulse noise than those in efferented control ears. In contrast, OHC vulnerability to impulse noise appears to be unaffected by de-efferentation.
Martine
Cohen-Salmon et al. [17] 2002 Mice Exposed to sound frequency 2-20 kHz Cx26 epithelial gap junction network is required for cochlear function and cell survival.
Prevention of cell death in the sensory epithelium is required for the restoration of auditory function in DFNB1 patients.
Delprat et al. [18] 2002
Mice
In vitro and
In vivo
Otospiralin, a novel 6.4 kDa protein that shares a motif with the gag p30 core shell nucleocapsid protein of type C retroviruses.
Otospiralin downregulation causes vestibular syndrome and deafness.
Etournay et al. [19] 2005
Mice
In vitro PHR1 is able to dimerize and expressed in the vestibular and cochlear sensory cells that directly interacts with myosin 1c and VIIa tails, which are necessary for actin function.
PHR1 null mutant is required for the proper targeting of myosin 1c and myosin VIIa in the hair bundle which could help reveal subtle deficiencies of the balance and auditory functions.
Chen [20] 2006 Rat Exposed to sound frequency 10-20 kHz at 110 dB
The noise exposure significantly disrupted cell membrane and CAP (cochlear compound action potential). Gene expression of prestin, β-spectrin, and β-actin was significantly upregulated after the noise exposure.
The upregulated gene expression may response to injury of proteins, responsible for the loss of cochlear amplification.
Yamashita et al. [21] 2007 Guinea pigs
Exposed to 100 dB
The lower noise exposure yielded a temporary threshold shift model (Bcl-xl) whereas the higher level exposure yielded a PTS model (Bak)
Gene and protein therapy using antiapoptotic Bcl-2 family provide protection against neural injury, including sensory cells of the inner ear in NIHL.
Kazmierczak et al. [22] 2007 Rats, mice, and guinea pigs -CDH 23 localizing to the upper part of tip links. PCDH 15 localizes to the tips of stereocilia-4 and may interact with CDH 23 to form tip links
The molecular composition of tip links provides a conceptual base for exploring the mechanisms of sensory impairment associated with mutations in CDH23 and PCDH15.
Bahloul et al. [23] 2009 Mice Exposed to sound 105 dB Vezatin directly interacts with radixin on actin-binding conformation and associates with actin filaments at cell-cell junctions.
The overlooked role of the junctions between hair cells and their supporting cells in the auditory epithelium resilience to sound trauma.
Fetoni et al. [24] 2009 Guinea pigs Exposed to noise 120 dB Animals treated with N-acetylcysteine showed a similar temporary threshold shift but a clear improvement in the recovery of compound action potential thresholds, with significantly reduced permanent threshold shift and hair cell loss.
N-acetylcysteine is able to attenuate the toxic effect of acoustic trauma and could represent an interesting molecule for preventing inner ear injuries.
Yeo et al. [16] 2011 Mice Exposed to noise 120 dB Seven selected spots were analyzed and various proteins tyrosine protein kinase MEG2, angiopoietin-like 1, heat shock 70 kDa protein, sodium dicarboxylate cotransporter 1, myeloid Elf-1-like factor, disintegrin, metalloproteinase domain 7, and activated leukocyte-cell adhesion molecule were identified.
Identified proteins may help us to understand the pathogenic mechanisms of NIHL Wang et al. [25] 2011 Guinea pigs Exposed white-band noise 115 dB
The white-band noise used caused OHCs losses and IHCs did not show any damage.
White-band noise induced upregulation of Hes1 mRNA levels in the cochlea was positively associated with NIHL Savas et al. [26] 2014 Mice Exposed to multiple level of noise Data shows proteomic approach can accurately measure thousands of proteins from a single mouse and has already revealed proteins significantly perturbed after noise exposure.
Proteomic tools appropriately investigate NIHL. Prevalence of hearing loss at 4-6 kHz, attributable to noise exposure, was far exceeded than hearing loss at lower frequencies critical to the ability to understand speech. Kumar et al. [28] 2005
Farming population
Audiogram test (90-110 dB)
48% had high frequency of hearing loss compared with nontractor driving farmers.
Hearing loss occurs due to exposure to high noise levels.
Eyken et al. [29] 2007 General population (n=702)
Genotype 35delG
Unable to detect an association neither between 35 del G and ARHI nor between 35 del G and NIHL.
There is no increased susceptibility in 35 del G carries for the development of ARHI or NIHL. Aslam et al. [30] 2008
Public transport drivers (n=100)
Cross-sectional examination and ENT examination followed by pure tone audiometry.
65% had NIHL, 25% had normal hearing threshold, and 10% had disabling hearing loss.
Public transport drivers are exposed to excess noise on roads in Lahore city.
Thorne [31] 2008 Farming population (n=381)
Cross-sectional data from reports, monograph, etc.
NIHL claims increased by an average of 20% each year
Most claims were lodged in middle age or later.
Rashtak et al. [32] 2008 Jansen et al. [33] 2009
Audiological test Results of the loudness perception test were within normal limits.
Audiometry test cannot be used as an objective test for early detection of NIHL. Kerketta et al. [34] 2012
Mine workers (n=500)
Audiometry data at 0.5, 1, 2, 4, 6, and 8 kHz frequency for the period 2002 to 2008.
Significant difference among the different test frequencies with respect to hearing loss on both the ears of the subjects. The test frequency 4 kHz is found to be the most influencing frequency causing significant hearing loss on the right ear of the workmen due to age, work experience, and work stations. While the test frequency 6 kHz is found to be the most influential frequency causing significant hearing loss on the left ear of the subjects due to age and workstation.
There is no significant difference of hearing loss exhibited to the subjects on both ears at test frequency of 4 kHz due to work experience.
Mostaghaci et al. [35] 2013 Workers (n=55)
Audiometry test and available data
The hearing threshold shift was frequently increased at 4000, 6000, and 3000 Hz.
High frequencies of hearing loss in these workers need hearing conservation program. Lacerda [36] 2014 Forestry workers (n=109) Audiometry test performed, by exposing different noise exposure level, i.e., 85, 85-89 dB, and 90 dB Those who were exposed to noise levels <85 dB, 23.8% had hearing loss, and 5.5% of the participants who were exposed to noise ranging from 85-89.9 dB, and 11% of the participants who were exposed to noise >90 dB
The implementation of a hearing loss prevention program tailored to forestry workers is needed.
Ranga et al. [37] 2014 Industrial workers (n=100)
ENT and audiometry test
Workers worked in the machinery area affected more and the age group 36-40 years was affected more compared to other age groups.
Chronic exposure to noise is common hazard in industrial that affect bilateral cochlea and cause high-frequency sensoneural hearing loss. Tahir, et al. [38] 2014 26 different industrial workers Cross-sectional survey 18 industries exposed to noise level of 86-90 dBA and 8 industries exposed at more than 91 dBA.
NIHL is a major burden among industrial workers in Malaysia.
Oliveira et al. [39] 2014 Open cast iron ore mine workers Medical health examination 38.16% of the mining workers had hearing loss and 23% in gold mining.
Airborne respirable dust survey and noise monitoring studies need to be carried out.
Contd...
The specific protein related to NIHL is described one by one as follows: TM proteins: alpha (α) tectorine and beta (β) tectorine.
The TM is an extracellular matrix of the inner ear that covers the neuroepithelium of the cochlea and contacts the stereocilia bundles of specialized sensory HCs. Sound induces movement of these HCs relative to the TM, deflects the stereocilia, and leads to fluctuations in HC membrane potential, transducing sound into electrical signals. [47] The presence of a hydrophobic C-terminus preceded by a potential cleavage site strongly suggests that tectorins are synthesized as glycosylphosphatidylinositol-linked, membrane-bound precursors. Tectorins are targeted to the apical surface of the inner ear epithelia by the lipid and proteolytically released into the extracellular compartment. [48] Alpha and beta tectorins are important noncollagenous component of the TM. The alpha tectorine (TECTA) protein can form homomeric or heteromeric filaments after self-association or association with beta-tectorine (TECTB), respectively. [49] Many different types of cells synthesize alpha-tectorine protein during development of the inner ear. Due to sequence of DNA in TECTA gene, it is assumed that tectorine protein is synthesized from a precursor adjacent to plasma membrane, via glycosylphosphatidylinositol, released from the membrane by proteolytic cleavage of precursor. Gene TECTA (23 exons), 
First author Year Tested model Study design Outcome Conclusion
Whittaker et al. [40] 2014 Metal workers (n=115) and control (n=123)
Cross-sectional audiometric assessment NIHL prevalence was 30.4% Metal workers have greater risk of NIHL, so additional research on ONIHL is needed. Musiba [41] 2015 Mine workers (n=246)
Audiogram obtained from periodic medical examination 47% had NIHL, 12% had poor hearing, and 35% has mild hearing impairment
There was a strong correlation of NIHL with type of mining, age, and year of noise exposure Alexopoulos et al. [42] 2015
Employees (n=757) Questionnaire and audiometry test 27.1% employees were hearing handicap.
There is need for continuous monitoring, implementation of preventive measures, and hearing conservation program. Meena et al. [43] 2015 Hearing loss is a major health problem in transport workers
Nia et al. [44] 2015 General population (n=300)
Extraction of DNA, Multiplex PCR
The GJB2 mutations were observed in 23.3% of all the subjects. In addition, none of the deaf patients carried the del (GJB6D13S1830) and del (GJB6D13S1854) in the GJB6 gene. The 35delG mutation was the most common mutation, accounting for 32.65% of the mutant alleles.
The genetic cause of hearing loss in patients with mono allelic mutations in the coding region of GJB2. Mutation in TECTA gene is not fully understood, which produce an abnormally small protein by premature stop signal by instructions to alpha-tectorine protein. Small concentration of alpha-tectorine protein disturbs integrity of tectorine membrane required for conversion of sound to nerve impulses. [49] The association between tectorine membrane proteins and NIHL has been well established. Alpha-tectorine, beta-tectorine, and otogelin are glycoproteins. These unique molecules from the inner ear have been associated with a moderate to severe deafness, which contacts the steriocilia bundles of specialized sensory HCs with extracellular matrix of the TM associated with pathophysiology of NIHL. Alpha-tectorine plays a vital role in the mechanism of hearing, changes in their expression due to prolonged noise exposure, and leads to hearing loss. Damage in the alpha-and beta-tectorine proteins can cause nonsyndromic, sensorineural, and moderate-to-severe degree of hearing loss. [50] haIR ceLLs and steReocILIa PRoteIns
Sound-induced vibrations of the organ of corti lead to deflections of the stereociliary bundles of HCs, which cause the opening of mechanically gated ion channels in stereocilia and HC depolarization. The HCs are divided into two groups by an arch known as the tunnel of corti. Those on the side of the arch closest to the outside of the spiral shape are known as OHCs, and they are arranged in up to five rows in humans. [51] The HCs on the other side of the arch form a single row, and are known as IHCs.
The stereocilia on each OHC form a V-or W-shaped pattern, and they are arranged in rows (usually about three) that are graded in height, the tallest stereocilia lying on the outside of the V or W. IHCs transmit the sound information along afferent neurons to the central nervous system. In contrast, OHCs act as amplifiers that increase the motion of the organ of corti. [52] The coupling of OHCs to the TM is critical for them to be properly stimulated to create the forces of cochlear amplification necessary for the proper transmission of sound information to IHCs. [51, 52] steReocILIn Stereocilia are microvillar-like projections supported by actin bundles. Stereocilial protein is expressed in the sensory ear HCs and associated with the stereocilia. Stereocilia contains the channels that convert vibration and motion into electric current, which in turn alters the cross-membrane potential, and is fundamental for hearing. One protein that has been implicated in this process is stereocilin, which may be a secreted protein without a noticeable transmembrane domain. [52, 53] In mature HCs, stereocilin localizes to the horizontal top connectors that link adjacent stereocilia to each other and to the tips of stereocilia near the TM. Stereocilin can also be detected within TMs that have been mechanically detached from HCs, suggesting that the protein might be secreted and deposited into the TM. [53] Genetic studies in mice have demonstrated that stereocilin is required for the maintenance of hair bundle integrity and the coupling of stereocilia to the TM. [53] The movement of stereocilia significantly reduces, thus causing reduced influx of K+ ions into the cells. Alteration of stereocilin protein is known to cause bilateral, nonprogressive, sensorineural hearing loss. The hearing impairment occurs between the range 125 and 1000 Hz, but severe in higher frequencies. [54, 55] NIHL occurs due to damage in the organ of corti (OC), particularly IHCs and OHCs are affected. Although OHCs loss is considered as a major contributor for NIHL, hearing deficits are not closely correlated with OHCs damage, suggesting that the death of other cell type in the cochlea has significant role in the development of NIHL. [54, 55] Current study approach can be generalized to examine the targeting, interactions and activities of a wide variety of HC proteins. It reveals a great deal of new information about the HC proteins cadherin 23, harmonin, myosin XVa, espin, prestin, etc., which are crucial for HC structure and function. There are certain important proteins present in stereocilia and HCs, which overexpressed during NIHL are described in the following.
PRestIn
The most impressive property of OHCs is their ability to change their length at high acoustic frequencies, thus providing the exquisite sensitivity and frequency-resolving capacity of the mammalian hearing organ. Prestin, a transmembrane protein found in the OHCs of the cochlea, is related to a sulfate/anion transport protein. [56] In contrast to enzymatic-activity-based motors, prestin is a direct voltage-to-force converter, which uses cytoplasmic anions as extrinsic voltage sensors and can operate at microsecond rates. Intracellular anions such as chloride or bicarbonate are essential for prestin to function as the OHC motor molecule. [57] Additionally, the voltage sensitivity of prestin is markedly temperature-dependent. It is an inbuilt amplifier that plays a significant role for electromotility, drives cochlear amplification, and produces acute sharp turning curves which is associated with human hearing. After noise exposure, prestin is upregulated (30-40%) and intracellular anions act as extrinsic voltage sensors that bind to these proteins and trigger the conformational modifications required for rapid length changes in OHC. [58] Each OHC intensifies a bit of the signal, where sounds become amplified. The amplified sounds are then detected by the IHC and messages are sent to the brain. Prestin is functional in OHCs but does not result in any detectable enhancement in cochlear function. Loss of prestin disturbs the balance in cochlea, characterized by moderate-to-severe degree of hearing loss, and deterioration of frequency selectivity which is voltage-dependent across the OHCs. [56] [57] [58] whIRLIn Whirlin is a cytoplasmic PDZ domain containing protein that plays a role in elongation and maintenance of stereocilia, mechanosensory organelles located in HCs of the inner ear. Whirlin colocalizes with actin filaments and is primarily detected in cochlear HCs. [59] It is an organizer of submembranous molecular complexes that controls and coordinates actin polymerization of stereocilia, especially in IHC and OHC. Hearing in mammals depends on the proper development of actin-filled stereocilia at the HC surface in the inner ear. Whirlin is expressed at stereocilial tips associated with hearing loss. [54] It is connected to the dynamic Usher protein interactome and has a pleiotropic function in both the retina and the inner ear. Myosin XVa is a motor protein that associates with the second and third PDZ domain of whirlin through its C-terminal PDZ-ligand. Myosin XVa then delivers whirlin to the tips of stereocilia, which are subsequently elongated. p55 also interacts with whirlin, and mutations in DFNB31, the whirlin gene, leading to an early ablation of p55 labeling of stereocilia, which may cause recessive hearing loss in humans. [60] 
MyosIn
In the cochlea, myosin is localized along with stereocilia in IHCs, OHCs, supporting cells, as well as in the synaptic terminals that are responsible for intracellular movements. Myosin moves to actin filaments during the dynamic movements of stereocilia. [61] Myosin is required for normal stereocilia bundle organization and has a role in the function of cochlear HCs. Myosin was strongly expressed in sensory epithelia of the vestibular system from the earliest stage of the disease. The shape of the hair bundle relies on a functional unit composed of myosin, harmonin-b, and cadherin 23, which is essential to ensure the cohesion of the stereocilia. [62] Studies implicated that harmonin, cadherin 23, and myosin is a single functional network that underlies the formation of a coherent HC bundle. Recently, myosin and cadherin 23 were both shown to bind to harmonin, suggesting that these molecules form a functional complex within the stereocilia. [62] Cadherin 23 may form links between adjacent stereocilia, with myosin anchoring the whole complex to the actin core. Because cadherin 23 and myosin are required for the proper organization of the stereocilia bundle, these structures are damaged by intense noise. The earliest connections between growing stereocilia are critical for shaping the hair bundle as a coherent unit, and that this relies on cooperation between the three aforementioned proteins. [63] Structural defects in myosin protein cause alterations in the auditory function. A failure in this process would lead to the hair bundle disorganization. Finally, an attractive hypothesis is that the functional network formed by harmonin-b, cadherin 23, and myosin also implicates the proteins defective to cause deafness in the human population with predisposition to noise-induced hearing loss. [61, 62] haRMonIn In the cochlea, harmonin (a multi-PDZ domain containing scaffold protein) is restricted to IHCs, OHCs, stereocilia, and also expressed in the ribbon synapses. [59] Alternatively, spliced Usher syndrome type 1C (USH1C) transcripts predict at least 10 protein isoforms which can be grouped into three subclasses, hereafter referred to as harmonin a, b, and c, and collectively as harmonin. Both harmonin and cadherin 23 are present in the growing stereocilia and that they bind to each other. [63] Moreover, it demonstrates that harmonin-b is an F-actin-bundling protein, which is thus likely to anchor cadherin 23 to the stereocilia microelements, thereby identifying a novel anchorage mode of the cadherins to the actin cytoskeleton. Harmonin-b interacts directly with myosin VIIa, and is absent from the disorganized hair bundles of myosin VIIa mutant mice, suggesting that myosin VIIa conveys harmonin-b along the actin core of the developing stereocilia. [64] It proposes that the shaping of the hair bundle relies on a functional unit composed of myosin VIIa, harmonin-b, and cadherin 23 that is essential to ensure the cohesion of the stereocilia. Harmonin bridges cadherin 23 to cytoskeletal actin core of the stereocilium that is essential for the developmental differentiation of stereocilia. Harmonin is associated with the other tip link proteins. Defects in the protein cause prelingual and moderate-to-severe degree of hearing loss. [61, 63, 64] cadheRIn 23
Cadherin 23 represents the first in this family of calcium-binding proteins of which mutations in the extracellular calcium binding domain contributes to an inherited disorder, USH1D. Patients with USH1D exhibit congenital sensorineural hearing loss, vestibular dysfunction, and visual impairment due to early onset of retinitis pigmentosa. In the inner ear, cadherin 23 interacts with myosin VIIIa and harmonin to form a functional network during HC differentiation, and in the retina to assemble a supramolecular complex contributing to the organization of the cytoskeletal matrices of the pre-and postsynaptic region. A number of cadherin 23 splice variants exist in association with various phenotypic expressions, indicating that differential mutations result in variable presentation of the disease.
The cadherin 23 protein is expressed in IHCs, OHCs, promoting strong adhesion in Reissner's membrane. It is important for delivering mechanical signals to the mechanoelectric transducer channels. It is one of the components of the tip link, which connects the top of shorter stereocilium to the sites of its taller neighbor. The average hearing loss is reported at 84.0 dB for CDH 23. [22] Similar interacting proteins have been reported that include protocadhrein-15, harmonin, and MAGI-1. Protocadherin-15 binds to CDH 23 through its extracellular domain. [60] MAGI-1 is a stereociliary scaffolding protein, whereas the cytoplasmic region of CDH 23 interacts with MAGI-1 and harmonin through its PDZ domain-binding interfaces. Alterations in cadherin 23 are known to cause moderate to profound high-frequency progressive sensorineural prelingual hearing loss. [61] connexons 26
The connexin family of proteins forms hexameric complexes called "connexons" that facilitate movement of low molecular weight proteins between cells via gap junctions. Connexin proteins share a common topology of four transmembrane α-helical domains, two extracellular loops, a cytoplasmic loop, and cytoplasmic N and C termini. Many of the key functional differences arise from specific amino acid substitutions in the most highly conserved domains, the transmembrane and extracellular regions.
There are 21 identified members of this protein, in the sequenced human genome, making the connexin gene family a wide-ranging membrane protein. The MW varies between 25 and 60 kDa and have an average length of 380 amino acids. The various connexins have been observed to combine into both homomeric and heteromeric gap junctions, each of which may exhibit different functional properties, including pore conductance, size selectivity, charge selectivity, voltage gating, chemical gating, etc. [47, 62] The association between connexin proteins and the inner ear cells is well documented. The abundant expression of connexins in the auditory system of the inner ear demonstrates their importance in the development and hearing process. The changes in connexins are associated with hearing loss, neurodegenerative disorders, and skin diseases.
Connexin 26 is required for maintenance of K + ions concentration in the endolymph of inner ear. As the sound waves stimulate the ossicular chain, it causes vibration in the endolymph, resulting in entry of K + ions into the HCs; consequently the vibration signal is converted into a neural signal. As the K + ions releases from the HCs to the supporting cells, the system is regenerated. In this way, the K + ions pass from cell to cell by gap junctions and then released into the endolymph. It controls ions movement from channels, allowing inflow of potassium from endolymph to IHCs and OHCs of cochlea causing depolarization of cell membrane. Connexin 26 connects all cell types in the cochlea, including spiral limbus, supporting cells, the spiral ligament, and basal and intermediate cells of striavascularis, and this involved in K + homeostasis and intercellular signaling within the organ of corti. Although this protein is involved in signal transduction in the organ of corti, but exposure to high-frequency sound may cause permanent damage to the functioning of this protein, resulting in mutation of the gene coding for connexin 26.
A mutation in the gene (GJB2) that codes for connexin 26 synthesis may lead to nonsyndromic deafness. This alters the normal functioning of this protein, resulting in cessation of K + ion signal transduction due to exposure to noise. Extensive OHC loss and severe destruction of basal organ of corti are noted after noise exposure. Connexin 26 is a remarkable protein that shows involvement in hearing loss. The subsequent influx of calcium causes release of neurotransmitters from the synaptic vesicles to the primary afferent nerve ending synapses. Absence of connexin will be responsible for severe to profound nonsyndromic hearing loss. [63, 64] tIP LInks and MechanoeLectRIcaL tRansduceR channeL PRoteIns
Tip links are thought to be an essential element of the mechanoelectrical transduction (MET) apparatus in sensory HCs of the inner ear. It helps in the conversion of mechanical stimuli arising from sound and head movements into electrochemical signals. The dynamic properties and molecular composition of tip links have been the subject of intense debate over the past two decades. Tip links proteins include cadherin 23, protocadhrein-15, harmonin, and MAGI-1. Cadherins belong to the family of calcium-dependent adhesion molecules that function to mediate cell-cell binding to the maintenance of structure and morphogenesis. It is also involved in stereocilia organization and hair bundle formation. [59] The identification CDH 23 and PCDH 15 as constituents of the tip links and the molecular asymmetry formed by heterophilic interaction of these molecules provides novel opportunities for understanding MET at the molecular level, and for determining the extent to which defects in MET cause hearing impairment. MET is a key element in the transduction process, which is the mechanoelectric transducer apparatus located near the top of the stereocilium. Cations, mainly potassium and calcium, flow through MET channel and alter the membrane potential that pass signal to the brain. [65, 66] The molecules that form tip links have recently been identified, and the analysis of their properties has not only changed the view of MET but also suggests that tip link defects can cause hearing loss. [67] esPIns Espins are more potent than other actin-bundling proteins at eliciting microvillar elongation, possibly owing to their high affinity for F-actin and their highly cooperative effects on actin filament twist. Collections of parallel actin-bundle containing finger-like protrusions that more closely resemble stereocilia in length affect the espin C terminal actin-bundling module and are associated with recessive deafness and vestibular dysfunction in humans. [68] 
ezRIn-RadIxIn-MoesIn PRoteIn
Ezrin-radixin-moesin (ERM) proteins are collectively composed of ezrin, radixin, and moesin and belong to the band 4.1 superfamily, whose members share a common N-terminal FERM domain. [68] The ERM protein family has been proposed to play structural and regulatory roles in many plasma membrane-based processes, viz., transmembrane signaling, growth regulation, differentiation, and the determination of cell shape, adhesion, etc., by functioning as membrane-cytoskeletal crosslinkers in actin-rich cell surface structures. [69] The ERM protein functions as a regulated cross-linkers in between the plasma membrane and F-actin in the underlying cytoskeleton. [68] In human, the genes for the ERM proteins present on different chromosomes: radixin is on chromosome 11 (11 exons); ezrin is on chromosome 6 (13 exons); and moesin is on the X chromosome (12 exons), which produces ~80, ~82, and ~75 kDa proteins, respectively. [69] Among ERM protein, ezrin and moesin display 74%, radixin and ezrin display 75%, and 81% protein sequence identity with radixin and moesin. [68] Ezrin plays an essential role in microvillar generation and dynamics, which is confirmed by the knockout of the ezrin gene in mice and fruit fly. At the initial stage of the stereocilia development, ezrin localizes aberrantly to the stereocilia but later it will be replaced by the radixin. The loss of radixin cannot be fully compensated by the ezrin. [68] The expression of moesin shows tissue specificity, and it is predominantly found in microvilli of endothelial cells. [69] Radixin is actin and/or plasma membrane linking protein that anchors filaments to membrane. [70] Occurrence of the radixin was determined by immunolabeling of HCs in fish, amphibians, birds, and mammals, and it was unveiled that the highest concentration of radixin was situated in the lower shaft of each stereocilium, just above its basal taper. [71] In human, radixin protein is expressed in cochlear HCs, and it is also expressed in vestibular stereocilia with ezrin. [72] Radixin deficiency may cause hearing impairment, mainly deafness. [70] The expression of radixin is specifically found along with the length of stereocilia in both the organ of corti and in the vestibular system [73] where it diminishes gradually in prevalence toward the stereociliary tip. [71] Han et al. [73] found that the knockout of the radixin gene (Rdx) in mouse is associated with early postnatal progressive degeneration of cochlear stereocilia and subsequent deafness.
woLfRaMIn
Wolframin is a product of WFS1 gene found in chromosome 4p16.1. [74] Wolframin is a type II transmembrane protein consisting of 890 amino acids having nine helical transmembrane segments, and has been believed that it might play a role in homeostasis of K + and Ca 2+ in endoplasmic reticulum calcium channel or a regulator of channel activity. [74, 75] Studies reveal that wolframin localized to the ER in the pancreatic β-cells, brain hippocampus, and several cell types in the inner ear.
In primates like mouse and marmoset (Callithrix jacchus), it is predominantly expressed in cochlea (striavascularis, organ of corti, and spiral ganglion neurons). [76] Mutations in both alleles of a single gene located of WFS1 cause an autosomal recessive disorder called Wolfram syndrome, while heterozygous mutations are associated with the dominantly inherited disease, low frequency sensorineural hearing loss that leads to deafness. [76, 77] cLaudIn 14
Claudin proteins are mainly located at the tight junction, where it act as ionic barriers between cells. [78] Tight junction plays a crucial part in the normal hearing process in cochlear function because any mutations or lack of tight junction associated proteins, like claudin 9, 11, 14, and occluding, cause deafness in humans and/or mice. [79] Out of 24 different mammal claudins, claudin-14 has been identified as an important molecule for normal hearing process, where it is expressed in the supporting cells in the organ of corti, OHCs and IHCs. Here it acts as a selective barrier between endolymph and perilymph. [78, 80] In humans, a nonsyndromic hearing loss (congenital deafness DFNB29) occurred predominantly in higher frequencies due to the mutations in the claudin-14 gene. [81, 82] A rapid degeneration of cochlear HCs is found in knockout mice for claudin-14 gene, which make mice deaf. [83] tRIceLLuLIn Tricellulin protein belongs to tetramembrane-spanning TAMP family and is one of the constituents of tricellular tight junctions and barrier of tight junctions. [84, 85] With the help of immunofluorescence staining, it was observed that the tricellulin concentration at tricellular contacts is ubiquitous in various epithelial cells in tissues, and in the mouse organ of corti, tricellulin localizes specifically to the tricellular junctions. [85, 86] In humans, five different mutations are reported in TRIC gene, and that which encode tricellulin has been reported to cause autosomal recessive nonsyndromic deafness DFNB49. [86] Kamitani et al. [79] reported that mice having tricellulin-knockout (Tric -/-) or mutation in TRIC gene shows an early onset of progressive hearing loss without any other significant morphological changes in other organs, which are similar to the phenotype reported in human DFNB49. They also reported that cochlea of tricellulin-knockout mice developed normally, although they progress into functional and histological degeneration later.
cochLIn
Cochlin protein is a product of the COCH gene found in humans on chromosome 14q12-q13. Five missense mutations in the FCH/LCCL domain of COCH gene cause DFNA9, an autosomal dominant, nonsyndromic, progressive sensorineural hearing loss with vestibular dysfunction pathology. [87, 88] Defect in cochlin also leads to Meniere's disease and presbycusis. The occurrence of cochlin is in the cochlea and the vestibular system where it presents as a part of the extracellular matrix. Cochlin offers structural support to cochlea and also it interacts with other molecules in the extracellular matrix. [89] Cochlin is predominantly expressed in the inner ear with three glycosylated isoforms with molecular weights of 40, 46, and 60 kDa, whereas cochlin-tomo protein, a smaller 16 kDa isoform has been identified in the perilymph. [87, 89] coLLagen Ix
In the TM, type IX collagen is reported as one of the very well-known components, along with type II and V collagens. [90] Collagen IX belongs to the fibril-associated collagen and is the integral component of type-A fiber of TM, where it cross-linked with type-II collagen. In TM, type-A fibers is a straight, unbranched and running radially in parallel bundles with type-B, which is a loosely packed, wavy, and highly branched, and combining it forms striated sheet matrix. It was suggested that collagen IX plays a crucial role in the rigidity of structure and integrity of inner ear. [90] [91] [92] otofeRLIn Otoferlin localized at the IHCs of the cochlea acts with one of the myosins VI, and is mainly involved in the synaptic vesicle-membrane fusion and in the membrane trafficking having the HC-specific Ca 2+ sensor for exocytosis. [93, 94] The otoferlin protein encoded by OTOF gene belongs to ferlin family, a C 2 -domain-containing protein and is considered one of the relevant genes associated with nonsyndromic deafness (DFNB9). Genetic mutation in otoferlin leads to severe hearing impairment resulting from improper HC synaptic development and lack of synaptic vesicle exocytosis. [95, 96] 
PRotocadheRIn-15
Protocadherin-15 belongs to the cadherin superfamily of Ca 2+ -dependent adhesion glycoproteins, and is believed to establish the regular building of the HC stereocilia bundles and inner ear function in humans, mice, and zebrafish. Protocadherin-15 is associated with the tip-link complex of HCs as an ankle links. [97] In humans, mutated protocadherin-15 (PCDH15, encoded by USH1F/PCDH15) generate Usher syndrome, which is a hereditary deafness and blindness disease and it is also responsible in the nonsyndromic deafnesses, DFNB12 and DFNB23. [98, 99] actIn-gaMMa 1
Gammacyto-actin (γ cyto -actin) is mainly distributed in the inner ear sensory epithelial cells and is an essential component of the stereocilia core. The localization of γ cyto -actin includes HC stereocilia and their rootlets, the cuticular plate where it anchored, adherens junctions, and OHC lateral walls. [100] Mutations in various actin and actin-interacting proteins cause defects in stereocilia structure and mutation in γ-actin (actg1). ACTG1 leads to dominant progressive hearing loss without other syndromic phenotypes. [101, 102] From this extensive literature survey, authors made an attempt to understand the proteins associated with the pathophysiology and their mechanism in NIHL. It is obvious that aforesaid proteins are involved in the protection of inner ear's structural integrity. It is noteworthy to mention that collectively all these proteins may be considered as biomarkers for the identification of NIHL at early stage. In addition, proteomic approach may provide more insights on protein expression and downregulation due to noise exposure. Comprehensive understanding of inner ear proteome will accelerate the biomarkers study of NIHL for prevention.
